A sharp increase of the emission current at high electric fields and a decrease of the threshold voltage after pre-breakdown conditioning of diamond-like carbon (DLC) films have been measured. This effect was observed for DLC-coated silicon tips and GaAs wedges. During electron field emission (EFE) at high electric fields the energy barriers caused by an sp 3 phase between sp 2 inclusions can be broken, resulting in the formation of conducting nanochannels between the semiconductor-DLC interface and the surface of the DLC film. At high current densities and the resulting local heating, the diamond-like sp 3 phase transforms into a conducting graphite-like sp 2 phase. As a result an electrical conducting nanostructured channel is formed in the DLC film. The diameter of the conducting nanochannel was estimated from the reduced threshold voltage after pre-breakdown conditioning to be in the range of 5-25 nm. The presence of this nanochannel in an insulating matrix leads to a local enhancement of the electric field and a reduced threshold voltage for EFE. Based on the observed features an efficient method of conducting nanochannel matrix formation in flat DLC films for improved EFE efficiency is proposed. It mainly uses a silicon tip array as an upper electrode in contact with the DLC film. The formation of nanochannels starts at the interface between the tips and the DLC film. This opens new possibilities of aligned and high-density conducting channel formation.
Introduction
The main advantages of carbon cathodes are low work function and high chemical and physical stability in comparison with silicon or molybdenum emitters [1] . Carbon cathodes are more resistant to contamination from elements such as sulfur that can be released from phosphorus. Carbon also has a low sputtering coefficient at bombardment by ions of residual gases in devices. To obtain a low threshold voltage for electron field emission (EFE) diamond films, diamond-like carbon (DLC) films or carbon nanotubes can be used. An important advantage of DLC films compared to diamond films and carbon nanotubes is the simpler process with low-temperature deposition. Hence, DLC films are very promising materials for EFE.
In our previous work we improved the emission properties by coating silicon tip arrays with DLC films [2] [3] [4] [5] . This process combines both the advantages of silicon tips and those of DLC films. At the beginning, the field emission was mainly characterized in terms of the threshold field defined by a current density equal to 10 −6 A cm −2 . Different factors, such as the variation of the sp 3 phase content or the nitrogen content provided a low threshold voltage. At the same time, it was shown that a treatment of tetrahedral amorphous carbon (ta-C) type of DLC films in argon, hydrogen or oxygen plasma resulted in a decrease of the threshold field and an increase of the emission site density. Extremely low effective work functions of (0.01-0.04) eV were obtained in [6] from the slope of the Fowler-Nordheim plots without taking into account the field enhancement coefficient (β * = 1). It is not the real barrier height because for such small barriers there would be a temperature-dependent thermionic emission at low temperature. This was never observed in other experiments. A theory for the emission mechanism from DLC films supported by an energy band diagram and emission structure is given in [7] . DLC films have an energy bandgap which changes with the sp 3 phase content. The resulting energy band diagram indicates that DLC films (a-C:H type) have a positive electron affinity [7] . It was also assumed that emission from DLC films is caused by hot electrons created in the region of strong band bending on the rear contact [8] . However, the photoemission measurements of valence band energy on thick ta-C type DLC films did not show the presence of substantial band bending on the rear contact [9] . Measurements of the electron energy distribution also did not show hot electrons with high-energy 'tails' [10] . There are several results showing that the emission is controlled by a relatively high barrier on the surface of the DLC film [11] . DLC films like some other flat dielectric or semiconductor films can be low macroscopic field electron emitters, able to emit electrons at macroscopic electric fields in the range (1-50) × 10 4 V cm
. The phenomenon occurs because the dielectric (semiconductor) film is an electrically nanostructured heterogeneous material [12] . The detailed analysis of EFE peculiarities from electrical nanostructured heterogeneous materials was presented in [12, 13] .
In spite of the large volume of experimental research results, there is no complete understanding of the EFE from DLC films and its dependence on the preparation technology. Furthermore, a physical model which would explain the main features of the EFE from tips coated with DLC films does not exist. ) by patterning with Si 3 N 4 as a masking material. The sharpening of tips was performed by oxidation of the as-etched tips at 900
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• C in wet oxygen and etching in an HF:H 2 O solution. This sharpening technique allowed the production of tips with a curvature radius of 10-20 nm. The height of the silicon tips was 4 µm. The density of tips was 2.5 × 10 5 tips cm −2 . The radii of the tips and their height were estimated by scanning electron microscopy.
GaAs vertical wedge emitter.
The starting material was a 10 µm thick n-GaAs layer (N d = 2 × 10 15 cm −3 ) on n + -GaAs substrate covered by a 300 nm thick PECVD-SiO 2 passivation layer. First, the photoresist mask for the vertical wedge emitter was aligned along the 1 1 0 direction. After etching the passivation around the photoresist with RIE, GaAs spacer structures and wedge emitters were anisotropically etched using a citric acid solution with H 2 O 2 . This process continued until the passivation over the emitter was removed. An emitter radius and height of about 10 nm and 9 µm could be reached, respectively.
DLC film deposition. Thin undoped and in situ
nitrogen-doped DLC films of 8-80 nm thickness were deposited on the emission cathodes by plasma-enhanced chemical vapour deposition (PECVD) from CH 4 :H 2 :N 2 mixtures. The gas pressure in the chamber was in the range of 0.2-0.8 Torr. The substrate temperature during film deposition was room temperature and in some cases set at 60
• C. The substrates for deposition of DLC films were put directly on the 200 mm diameter cathode which was cooled by water and capacitively connected to a 13.56 MHz generator. During the plasma decomposition the RF bias voltage was 1900 V. The DLC coatings were smooth and showed reproducible properties from sample to sample under the same deposition conditions. The DLC film used in these experiments were in situ nitrogen-doped amorphous semiconductor a-C:H. The film refractive index was n = 1.83 (λ = 6328 nm). Its electrical conductivity measured at electrical field E = 1 × 10 6 V cm
was σ = 1 × 10 −11 S cm −1 and is in the range typical for hydrogenated amorphous semiconductors. The DLC films were deposited on Si tips, GaAs wedges and on flat silicon wafers.
Measurements

Field emission measurement.
The measurements of the emission current from the samples were performed in a vacuum system that could be pumped out to the stable pressure of 10 −6 -10 −7 Torr. The emission current was measured at ungated cathode-anode diode structures. These were realized by inserting a spacer of defined thickness between the emitting cathode and the anode structure. The emitter-anode spacing L was constant and chosen in the range of 7.5-25 µm. A fluoroplast film was used as a spacer material and heavily doped silicon wafer or molybdenum wire as anode. The emission current-voltage characteristics were obtained with the current sensitivity of 1 nA over the voltage range up to 1500 V. A 0.56-1 M resistor was placed in series with the cathode to provide short-circuit protection.
Results and discussion
Measurements of EFE from semiconductor tips and wedges coated with a DLC film showed a sharp increase of the emission current at high electric fields and a considerable reduction of the threshold voltage after the pre-breakdown conditioning of the DLC film (figure 1). At pre-breakdown conditioning during EFE measurements the applied voltage was continuously increased (at a rate of 0.5 V s −1 ) till reaching a current level of 10 −6 A (current density J = 10
). This effect was observed for DLC coated silicon tips and GaAs wedges. The corresponding Fowler-Nordheim plots for Si tips are shown in figure 2. As can be seen, after pre-breakdown conditioning the slopes of the lines are significantly reduced. This shows a decrease of the effective work function.
During EFE at high electric fields the barriers determined by an sp 3 phase between sp 2 inclusions can be broken, resulting in conducting channels between the substrate (Si or GaAs) and the surface of the DLC film. At pre-breakdown with large current densities a local heating occurs which may transform the sp 3 phase of the film into an sp 2 one. As a result of the prebreakdown, an electrical conducting nanochannel is formed in the DLC film. The decrease of the threshold voltage (figure 1) can be used for the estimation of the size of the conducting nanochannel according to [14] where β * is the local electric field enhancement coefficient, r is the curvature radius of the emitter tip (radius of the conducting channel) and h is the tip height (DLC film thickness).
DLC films are heterogeneous materials which contains sp 3 -bonded (diamond-like) and sp 2 -bonded (graphite-like) phases. According to the work of [15] the DLC film is considered as a diamond-like matrix with graphite-like inclusions. The diameter of the sp 2 phase inclusion can reach ∼10 nm. In the case of a low value of the sp 3 /sp 2 phase ratio the DLC film consists of an sp 2 matrix with sp 3 phase inclusions [15] . The films under investigation have high sp 3 /sp 2 ratio and contain nanometre-size graphite-like inclusions. At electrical conditioning conducting channels through DLC film between the substrate and the DLC surface are formed. They act as electron emitters themselves.
At electrical conditioning the flow of high currents induces a local heating process which promotes the transformation of the sp 3 phase into a more conductive sp 2 phase and, in such a way, gives rise to the formation of conductive nanochannels. Besides, a lot of structure defects appear in the channel under pre-breakdown conditioning. These defects are mainly connected with slightly bonded atoms and with different structures of carbon (deformed ring etc). The defects create local energy states in the bandgap of the sp 3 phase and increase in such a way its conductivity. Referring to the mentioned processes of sp 3 phase graphitization and defect creation, two types of conducting channels between the substrate and the DLC film surface can be considered (figure 3). The first one (type I) is a conductive graphite (graphite-like) channel formed as a result of the transformation of the sp 3 phase into the sp 2 phase ( figure 3(b) ). The second type (type II) of conduction channel is based on a conductivity increase of the sp 3 phase due to structure defects' generation between sp 2 phase inclusions in the DLC film ( figure 3(c) ). For this channel type the surface of the film consists of a diamondlike sp 3 phase which has a significantly lower work function in comparison to graphite. Values of less than 1 eV have been reported in [4] . From the Fowler-Nordheim plots we can determine the effective work function * = /β 2/3 ( is the work function of DLC, β is the field enhancement coefficient). The obtained effective work-function values before and after conditioning are * 1 = 1.1 × 10 −1 eV and Figure 4 . Schematic of a setup for the formation of conducting channels in DLC films. 1-semiconductor substrate; 2-deposited DLC film; 3-silicon tip array on a Si substrate; 4-sites of conducting nanochannels; 5-amperemetre; 6-voltage source; 7-contact to the silicon substrate. * 2 = 4.1 × 10 −2 eV, respectively. They are in agreement with values reported in [6] . For the used silicon tips (r = 10 nm, h = 4 µm) and DLC coating thickness (d = 60 nm) a work function of 1.63 eV before pre-breakdown conditioning has been calculated. In the case of a DLC film does not denote the real work function but the electron affinity. The field enhancement coefficient was estimated from relationship similar to equation (1) that includes the geometrical parameters (r, h, d)
The obtained value of β was 58. The conducting channel diameter was calculated for type I and type II channels. In the first case the graphite work function ≈ 5 eV was considered. Values of conducting channel diameter in the range of 5-9 nm were obtained. For type II the lower work function of the DLC film was used ( = 1.63 eV). A channel diameter of about 25 nm was obtained. These channel diameter values for type I and type II are in good agreement with the size of the sp 2 phase inclusion in the sp 3 phase matrix [5, 11, 12] and with the model proposed in [12, 16] . It cannot be excluded that the work function of the DLC film on the surface is also changed. For this case the channel diameter will be taken between 5 and 25 nm.
Based on the experimental results above we propose a method for the formation of conducting channel arrays in DLC films for significantly enhanced EFE properties. It will allow us to obtain effective EFE from DLC films deposited on flat surfaces (without tips or wedges). The formation method of graphite-like conducting channels is schematically shown in figure 4 for a DLC film on a flat Si substrate. As a catalyst a Si tip array formed by wet etching and with an Al backside metallization was used. The measured I-V characteristics of the structure of figure 4 before and after electrical conditioning are shown in figure 5 . As can be seen the conductivity of the DLC film increased significantly. After electrical conditioning the current increases to a more than two orders of magnitude value. The conducting nanochannels were formed at the sites of Si tip contacts with the DLC film due to electric field enhancement on the tips. In this case the conditioning was also performed by a continuous increase of voltage till reaching the current of I ≈ 10 −6 A through the film. The definitive proof of the conducting channel formation will be provided by their direct observation. It is necessary to point out that a direct observation of a channel in the DLC film is very difficult even by transmission electron microscopy (TEM). This is due, on the one hand, to the fact that graphitelike and diamond-like phases coexist in the same carbon material. On the other hand, the channels have a diameter in the nanometre range. Usually a surface modification of carbon films is observed after breakdown or vacuum discharge [17, 18] . Unfortunately, no surface nanometre-size peculiarities before and after DLC conditioning could be observed by scanning electron microscopy (SEM).
Further experiments are needed for the optimization of conducting nanochannels formation in DLC films and their observation.
Conclusion
An enhancement of the EFE efficiency from Si tips and GaAs wedges after pre-breakdown conditioning of DLC films at high electric fields has been observed and explained. The high-conductive graphite-like nanochannels formed at pre-breakdown conditioning can be applied as efficient and stable electron emitters in vacuum. A new and effective method for the creation of carbon conducting nanochannels embedded in nanostructured diamond-like carbon films has been proposed.
